Repair of mutagen-induced DNA lesions during transportation, storage and cultivation of lymphocytes may have a significant impact on results obtained in human biomonitoring after occupational and environmental exposure of human populations to genotoxic chemicals. Using the comet assay in combination with the repair inhibitor aphidicolin and array gene expression analysis of 92 DNA repair genes, we investigated the repair of DNA lesions induced by methyl methanesulfonate (MMS) and benzo[a]pyrenediolepoxide (BPDE) in phytohaemagglutinin (PHA)-stimulated cultured human lymphocytes in the time segment before replication. The comet assay indicated fast repair of MMS-induced damage during the first hours of cultivation. In contrast, removal of BPDE-induced lesions was slower and significant amounts of damage seem to persist until S-phase. Gene expression analysis revealed that PHA stimulation had a clear effect on gene regulation in lymphocytes already during the first 18 h of cultivation. Under the conditions of this study, genotoxic concentrations of MMS did not induce significant changes in gene expression. In contrast, exposure to BPDE led to altered expression of several genes in a time-and concentrationrelated manner. Of the significantly up-regulated genes, only two genes (XPA and XPC) were directly related to nucleotide excision repair. Our results suggest that PHA stimulation of human lymphocytes influences the expression of DNA repair genes in human lymphocytes. The effect of induced DNA damage on gene expression is comparatively low and depends on the mutagens used. PHA-stimulated lymphocytes repair induced DNA damage before they start to replicate but the repair activity during the first 18 h of cultivation is not affected by changes in the expression of DNA repair genes during this period of time.
Introduction
Human lymphocytes are frequently used in human biomonitoring for the detection of genotoxic effects induced by environmental and occupational mutagens. Repair of mutagen-induced DNA lesions during transportation, storage and cultivation of lymphocytes may have a significant impact on the results obtained. In particular, the sensitivity of cytogenetic endpoints, such as chromosome aberrations, micronuclei and sister chromatid exchanges, may be limited by the repair of DNA damage during cultivation of phytohaemagglutinin (PHA)-stimulated lymphocytes (1) . These assays require that lesions induced in vivo persist during cultivation in vitro and lead to stable genetic alterations during S-phase. For a better understanding of these assays and the results obtained in human biomonitoring, it is therefore important to characterise the DNA repair capacity of cultured human lymphocytes after PHA stimulation and before the start of the S-phase (2) .
The comet assay is one of the most versatile methods for studying the repair of various types of DNA damage (for review, see refs. [3] [4] [5] . The DNA repair capacity of human lymphocytes has been investigated for many years as a biomarker in human biomonitoring and cancer prediction (6) (7) (8) . The easiest approach for measuring repair by the comet assay is exposing cells to a specific DNA-damaging agent and measuring remaining damage at intervals after treatment as an indication of the kinetics of removal of this type of damage. Excision repair activity has also been measured by using DNA repair inhibitors [e.g. aphidicolin (APC)] which lead to an accumulation of repair incisions [e.g. in cells exposed to UV or benzo[a]pyrenediolepoxide (BPDE)]. The rate of accumulation of breaks measured by the comet assay should reflect the cells' capacity for excision repair (9) (10) (11) . Using alkaline unwinding and hydroxylapatite chromatography, Klaude et al. (12) established a protocol for measuring the kinetics of the removal of UV-C-induced DNA lesions in cultured human cells. To assess the overall excision repair activity of cultured cells in time, they exposed cells to UV-C and incubated them with APC for 30-60 min at different points in time after UV-C exposure. Accumulation of incision events indicated the DNA repair activity at various time points after exposure and corresponded well with the extent of removal of dimers (12) .
We used this approach in combination with the comet assay for studying the DNA repair capacity of human lymphocytes for methyl methanesulfonate (MMS)-and BPDE-induced DNA lesions during the first 18 h of cultivation after PHA stimulation (i.e. before lymphocytes enter S-phase). MMS and BPDE were chosen because they induce distinct types of DNA lesions (alkylation or bulky adducts) that are mainly repaired by different DNA repair pathways [base excision repair (BER) or nucleotide excision repair (NER)]. Previous studies had shown that APC post-treatment of human lymphocytes enhances the DNA effect of both mutagens and thus enables to estimate repair capacity by the accumulation of repair incisions (11) .
We also investigated the effects of the two mutagens on the expression of DNA repair genes in human blood cultures in relationship to the repair capacity measured by the comet assay. It is known that the expression of several BER and NER genes is inducible by mutagens (13) but information about the effects of chemical mutagens on DNA repair gene expression in cultured human lymphocytes during the first hours of cultivation is rather limited. Some previous studies monitored the expression of single DNA repair genes in parallel with DNA repair activity in the comet assay (for review, see ref. 4) . It was stressed that gene expression is no substitute for measurement of enzyme activity and experiments in which repair was measured with the comet assay have generally shown poor association between gene expression and enzyme activity. However, we used a TaqMan array with 92 DNA repair genes to see whether mutagen treatment (i.e. enhanced DNA damage levels) leading to DNA effects in the comet assay also triggers the expression of DNA repair genes in cultured human lymphocytes and whether this effect is specific, i.e. concerns repair genes/repair pathways specifically involved in the removal of damage induced by a particular mutagen.
It was the aim of our study to find out whether a combination of comet assay experiments and array analysis of DNA repair genes is suited to better characterise the DNA repair activity of cultured human lymphocytes after PHA stimulation and mutagen treatment during the first hours of cultivation before cells enter S-phase.
Materials and methods

Chemicals
BPDE ((±)-anti-benzo[a]pyrene-7,8-diol 9,10-epoxide) was supplied by BIU (Grosshansdorf, Germany). It was dissolved in dimethyl sulfoxide. Aliquots were frozen at −20°C and only thawed and used once. MMS and all other chemicals were purchased from Sigma (Munich, Germany). MMS was dissolved in H 2 O and immediately used for the experiments. RPMI 1640 medium and phytohaemagglutinin (PHA) were purchased from Invitrogen (Darmstadt, Germany), gentamicin and fetal calf serum (FCS) from Biochrom (Berlin, Germany).
Blood samples and lymphocyte culture
Heparinised blood samples were obtained by venepuncture from 12 healthy young volunteers. All subjects were non-smokers with no known recent exposure to genotoxic chemicals or radiation. The study was performed in accordance with the approval by the ethical committee of the Ulm University. Cultures were set up after isolation of peripheral blood mononuclear cells (PBMC) by density centrifugation with Ficoll-Paque (GE Healthcare Bio-Sciences, Uppsala, Sweden) at 800 × g for 20 min. After two washing steps with phosphate-buffered saline (PBS), PBMC were cultured in RPMI medium, supplemented with 16% FCS, 1% PHA and 1% gentamicin (final volume: 5 ml). Cultures were incubated in a humidified incubator at 37°C and 5% CO 2 for the times indicated below. Because PBMC preparations consist of 95-98% lymphocytes and PHA specifically stimulates T-lymphocytes, the PHAstimulated cultures of PBMC are referred to as lymphocytes or lymphocyte cultures throughout the text.
Treatment of lymphocyte cultures
For the comet assay, 10 6 cells were exposed for 2 h to BPDE (0.5 µM) or MMS (40 µM). At the end of the treatment, cultures were either directly analysed by the comet assay or washed with Hanks solution and resuspended in fresh RPMI medium with PHA for post-incubation. Post-incubated cultures were analysed by the comet assay 1, 2, 4, 6, 16 and 18 h later. Two parallel cultures were always set up and one of them was treated with APC (3 µM) for 30 min before preparation. At the end of the respective culture period, cultures were centrifuged for 5 min at 200 × g, the supernatant was removed and the cell pellet was immediately used for the comet assay.
For gene expression analysis, three aliquots with 3 × 10 6 PBMC from each volunteer were resuspended in 5 ml RPMI 1640 medium. One aliquot was used as reference and the other aliquots were treated with MMS (40 and 80 µM) or BPDE (0.5 and 1µM) for 2 h at 37°C prior to RNA isolation. Post-incubation was performed in complete RPMI 1640 blood culture medium with PHA for 2 or 16 h. The effect of PHA stimulation alone on gene expression was measured in cultures without mutagen treatment after cultivation for 4 or 18 h in relationship to the reference culture. Cultivation periods were chosen to encompass the time after PHA stimulation before the beginning of S-phase in stimulated lymphocytes (2) .
Comet assay
The alkaline comet assay was performed according to our standard protocol (5) . Aliquots (10 µl) of the cell suspension were mixed with 120 µl low melting point agarose (0.5% in PBS) and added to microscope slides (with frosted ends), which had been covered with a bottom layer of 1.5% agarose. Slides were lysed (pH 10; 4°C) for at least 1 h and then processed using alkali denaturation (pH > 13) for 25 min and electrophoresis (0.86 V/cm) for 25 min at a pH >13. Images of 100 randomly selected cells stained with ethidium bromide were analysed from each coded slide by image analysis (Comet Assay IV; Perceptive Instruments, Haverhill, UK) and the mean tail intensity (% tail DNA) was evaluated as a measure for DNA migration. All samples were processed and analysed by one researcher to reduce assay variability. Each experiment was performed independently three times (blood from different donors), and the mean was calculated. For each series of experiments, differences between the effects at different post-incubation times were tested for statistical significance using one-way analysis of variance (ANOVA) followed by a Dunnett post hoc test for comparison of post-incubated cultures with the effect of the mutagen without post-incubation. Significant differences according to Dunnett are indicated for the 5% (*) and 1% (**) level. Additionally, for the factor time, a trend test was performed. In experiments which tested the influence of APC, an ANOVA model with two main effects (treatment and time) was applied and an interaction term between treatment and time was included.
Gene expression analysis
Gene expression (mRNA level) was measured using the Applied Biosystems® TaqMan® Human DNA Repair Mechanism Array plate (Applied Biosystems, Foster City, CA, USA). The panel of genes on this plate contains 92 dried-down TaqMan assays for genes associated with DNA repair mechanisms and 4 assays for candidate endogenous control genes ( Table 1) . Table 1 . Human DNA repair genes and control genes present on the array
Total RNA was isolated using the QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Quality and quantity of extracted total RNA were checked using an Epoch Spectrophotometer (BioTek Instruments, Winooski, VT, USA). OD 260/280 ratio was between 1.9 and 2.1. RNA was reverse transcribed using the High capacity cDNA reverse transcription kit from Applied Biosystems according to the manufacturer's instructions.
Quantitative real-time PCR amplification was performed using the TaqMan array plate to which the synthesised cDNA was added. Each well contains gene-specific primer and dye-labelled MGB probe sets. The reaction system in each well was about 10 µl containing the dried-down assays, TaqMan® Universal Master Mix II and 10 ng cDNA template. All reactions were performed on the 7900HT Fast Real-Time PCR system (Applied Biosystems) starting with 50°C for 2 min and 95°C for 10 min and continuing with 40 cycles of 95°C for 15 s and 60°C for 30 s.
The raw data of two independent experiments (biological replicates) and two technical replicates with the same set of 96-well plates were analysed with the ExpressionSuite Software version 1.0.3. supplied by Applied Biosystems. This software enables rapid and comprehensive interpretation of TaqMan® array plate results. ExpressionSuite utilises the comparative C T (ΔΔC T ) method to accurately quantify gene expression across a large number of genes and samples. Housekeeping genes HPRT1, GAPDH and GUSB were used for endogenous control to normalise differences in the input amount of total cDNA. Results are expressed as fold change (relative quantification value) compared to the sample from untreated cells used as a reference. Because of the good reproducibility of the technical and biological replicates, only two independent experiments were performed to reduce the amount of work and costs. Therefore, the results were not further analysed by statistical methods but evaluated on the basis of their biological significance (strength and reproducibility of an effect). A gene was considered as up-regulated in expression when the fold change was ≥1.6 in accordance with the recommendations of the supplier of the array. Because we only performed two independent biological replicates, we also determined the number of genes with changes in expression of ≥2.0 and ≤0.5.
Results
The comet assay results are summarised in Figures 1 and 2 . The effects of MMS on DNA migration during cultivation of lymphocytes for 18 h are shown in Figure 1A . In the absence of APC, the effect of a 2-h MMS treatment (40 µM) decreases in time (P < 0.0001) with a statistically significant decrease (P < 0.01) first seen 4 h after the end of the exposure. Residual DNA effects (~15 % of the initial effect) persist until 18 h post-exposure. The trend test indicated a highly significant decrease in DNA migration in time (P < 0.0001). Exposure to APC (3 µM) during the last 30 min before preparation and analysis revealed a strong repair activity (accumulation of incision sites) 1 h after MMS exposure at the beginning of the culture and decreasing activity in the course of the cultivation for 18 h. Statistical analysis using ANOVA revealed a P value of <0.0001 for the APC treatment and a P value of 0.0038 for the interaction term between treatment and time. The effect of APC is further illustrated in Figure 1B where the differences in DNA migration in the presence and absence of APC ('net APC effects') are shown. Following this figure, the highest repair activity is measured at the beginning of the culture (1 h after the end of MMS exposure) and repair activity continuously decreases in the course of the cultivation.
Exposure of lymphocyte cultures to BPDE (0.5 µM) for 2 h caused a significant increase in DNA migration (Figure 2A ). This effect largely persisted during the cultivation of lymphocytes for 18 h. The differences of the mean values from three different blood samples measured at the later time points did not differ very much from the value measured directly after BPDE exposure. The only statistically significant difference was measured at 4 h post-incubation. The trend test did not indicate a significant decrease in DNA migration in time (P = 0.958). However, the parallel experiments in combination with APC ( Figure 2A and B) clearly indicated repair activity during the cultivation period and, similar to the results obtained with MMS, repair activity was highest after BPDE exposure at the beginning of cultivation and continuously decreased in time. Inter-individual variability was not determined but repair activity was seen in all blood samples tested with similar kinetics. Statistical analysis using ANOVA revealed a P value of <0.0001 for the APC treatment and a P value of 0.0097 for the interaction term between treatment and time.
Array analyses were performed in PHA-stimulated cultures without mutagen treatment 4 and 18 h after the start of the cultures. PHA stimulation itself had a clear effect on the expression of DNA repair genes ( Figure 3A and B) . After 4-h cultivation, 20 (22%) of the analysed genes were up-regulated ≥1.6-fold and 5 of them were up-regulated ≥2-fold. These up-regulated genes are summarised in Figure 3A . After cultivation for 18 h, 47 genes (52%) were up-regulated ≥1.6-fold and 38 of them ≥2-fold ( Figure 3B) . Nine of these genes revealed a clearly enhanced effect after 18 h in comparison with the effect after 4 h. Among the genes that were up-regulated in expression (≥2-fold) after 18 h, four genes were associated with NER (ERCC4, GTF2H3, ERCC2, POLD1) and five with BER (OGG1, SMUG1, APEX1, PARP1, NTHL1). NER-and BER-related genes were assessed according to the list of Human DNA Repair Genes: Figure 2 . Induction of DNA damage by BPDE (0.5 µM) and its removal in time in cultured human lymphocytes in the absence and presence (black bars) of APC (3 µM) during the last 30 min before analysis by the comet assay (A). Incision activity in the course of lymphocyte cultivation measured as difference between tail intensity in the presence and absence (grey bars) of APC (B). Mean ± SD of three independent experiments. *Significance on the 5% level (Dunnett test) for the residual effect of BPDE in relationship to the 2-h treatment (0.5 µM). Co = untreated parallel control at the end of the BPDE treatment. TI, tail intensity.
http://sciencepark.mdanderson.org/labs/wood/dna_repair_genes. html (April 15, 2014). After PHA stimulation, clearly more genes were up-regulated in expression than down-regulated. Only one gene (RAD51) was down-regulated (≤0.5-fold) 4 h after the start of the cultures and five genes (ATM, GADD45B, ERCC6, MAPK8, XPC) were down-regulated 18 h after the start of the cultures.
The effect of mutagens on gene expression was investigated in cells after 2-h mutagen exposure and further cultivation (post-incubation) for 2 or 16 h in PHA-containing medium (i.e. 4 or 18 h after the start of the mutagen treatment). At both points in time, clear DNA activity was measured by the comet assay and, therefore, a direct comparison of the results of the two experimental approaches is possible. Interestingly, MMS (40 and 80 µM) did not have a clear effect on gene expression under these experimental conditions despite the fact that, according to comet assay experiments, exposure to MMS induced a clear genotoxic effect and elicited DNA repair activity. Two hours after the end of MMS treatment, not one gene was enhanced in expression and after 16 h, only one gene (XRCC5) was up-regulated (≥2-fold) after exposure to 80 µM MMS (data not shown).
In contrast, BPDE caused changes in gene expression at both concentrations (0.5 and 1.0 µM) and at both time points (2 and 16 h post-incubation). The up-regulated genes are shown in Figure 4A (2 h post-incubation) and Figure 4B (16 h post-incubation) . Two hours after the end of BPDE exposure, 13 genes were up-regulated ≥1.6-fold (8 genes ≥ 2-fold) at the lower concentration (0.5 µM) and 14 genes were up-regulated ≥1.6-fold (9 genes ≥ 2-fold) at the higher concentration (1 µM). Sixteen hours after the end of BPDE exposure, 8 genes were up-regulated ≥1.6-fold (5 genes ≥ 2-fold) at the lower concentration (0.5 µM) and 13 genes were up-regulated ≥1.6-fold (9 genes ≥ 2-fold) at the higher concentration (1 µM). A concentrationrelated effect on enhanced expression (i.e. a higher increase in gene expression at 1.0 µM than at 0.5 µM) is measured for 11 out of the 12 genes differentially regulated at both concentrations. Sixteen hours after BPDE exposure, all five genes up-regulated at 0.5 µM BPDE are also up-regulated at 1.0 µM BPDE. For all of these genes, higher expression levels were measured at the higher BPDE concentration. 0.5 µM BPDE induced five genes at both points in time, four of which were clearly higher expressed after 16 h post-incubation. 1.0 µM BPDE induced six genes at both points in time, four of which were higher expressed after 16 h. Interestingly, the expression level of these four genes (POLH, XPC, GADD45A, MDM2) are clearly higher than all other expression levels measured after BPDE exposure. Among the 15 spotted genes specifically associated with NER, only XPC was enhanced in expression (≥2-fold) after BPDE exposure under all experimental conditions tested. In addition, expression of XPA was slightly enhanced 2 h after the end of treatment with 1.0 µM BPDE. For all other genes changed in expression, a direct involvement in NER has not been established.
Exposure to BPDE for 2 h was also associated with the downregulation of repair genes. Down-regulated genes (≤0.5-fold) 2 and 16 h after the end of BPDE exposure are summarised in Figure 5A and B, respectively.
Discussion
The comet assay was used to estimate the excision repair activity of cultured lymphocytes for MMS-and BPDE-induced lesions by the accumulation of repair intermediates (incisions) in the presence of APC (11, 12) . Our results suggest that PHA-stimulated lymphocytes repair both types of DNA lesions (alkylation and bulky adducts) during the early phase of cultivation before lymphocytes enter S-phase. Repair activity is highest at the beginning of the culture (after the end of exposure) and decreases in time. The comet assay results thus suggest that repair activity is mainly related to the levels of DNA damage present in cultured lymphocytes and is not enhanced by PHA stimulation during the first 18 h of cultivation.
The effect of lymphocyte stimulation on DNA repair has been previously investigated with different repair assays. It was shown that PHA stimulation increased excision repair [unscheduled DNA synthesis (UDS)] in lymphocytes exposed to UV irradiation. However, UDS was enhanced only in 48 and 72 h cultures but not in 24-h PHA cultures (14) . Using BND (benzoylated naphthoylated diethylaminoethyl)-cellulose chromatography, human lymphocytes stimulated with concanavalin A (Con A) for 72 h were shown to have a 10-fold greater capacity to repair DNA damage induced by N-acetoxy-2-acetylaminofluorene. However, this enhanced repair capacity was not observed after 24 h in culture. There was also no difference in the repair capacity for MMS-induced DNA damage of treated un-stimulated lymphocytes and lymphocytes treated 24 h after the addition of Con A (15). Mayer et al. (16) used the comet assay to compare the repair capacity for γ-radiation-induced DNA damage in un-stimulated and PHA-stimulated human lymphocytes cultured for 72 h. Their study did not reveal any difference in repair capacity between un-stimulated and PHA-stimulated lymphocytes even after 72 h of cultivation. Taken together, our results and the previously published studies with different repair assays suggest the DNA damage is repaired in PHA-stimulated lymphocytes right from the start of the culture but there are no indications for an enhancement of DNA repair activity by PHA stimulation of lymphocytes during the period before replication.
Our DNA repair array experiments indicated that PHA stimulation was associated with an increase in expression of several repair genes including genes for BER and NER. Lymphocytes stimulated with PHA for 18 h (i.e. before replication) revealed enhanced (≥2-fold) expression of 38 genes. In contrast, Mayer et al. (16) , who studied expression profiles by array analysis of 70 known DNA repair genes in un-stimulated and PHA-stimulated human lymphocytes cultured for 72 h, only found 12 genes up-regulated in expression (≥2-fold) after 72 h but no changes in expression after 24 h. Most of the repair genes up-regulated after 72 h were also known to play a role in DNA replication. Interestingly, out of these 12 genes, 4 (APEX1, FEN1, PARP1, PCNA) were already up-regulated in our study in lymphocytes before replication. In another study using DNA arrays with 161 genes associated with the cell cycle of lymphocytes, gene expression was monitored before and after PHA stimulation over 72 h. Twenty-four hours after stimulation, 18 genes were changed in expression, among them the 3 repair-related genes CHEK1, PCNA and XRCC5 (17) . These genes were also enhanced in expression 18 h after PHA stimulation in our study. A recently published study found out that PHA stimulation of human lymphocytes strongly accelerated the repair of oxidised purines. Levels of 8-oxoguanine DNA glycosylase (OGG1) mRNA were 4-fold increased already after 6 h and western blots revealed an ~4-fold up-regulation of OGG1 within 24 h after PHA stimulation (18) . Interestingly, OGG1 was among the genes that were up-regulated 16 h after PHA stimulation but not 2 h after PHA stimulation in our study. Taken together, these results suggest that PHA stimulation can exert an effect on the expression of DNA repair genes in PHA-stimulated lymphocytes before entering S-phase. Gene expression changes seem to be more pronounced in proliferating lymphocytes (48 or 72 h after PHA stimulation) but then mainly affect cell cycle regulation and replication (16, 17) .
Surprisingly, MMS (40 and 80 µM) did not induce expression of DNA repair genes despite the induction and removal of DNA damage as indicated by the comet assay results. However, out of the genes mainly responsible for the initiation of BER, glycosylases releasing methylated bases (e.g. MPG) were not present on the array. The expression of APEX1, the major endonuclease in human cells repairing mutagen-induced abasic sites, was enhanced in the course of cultivation but was not influenced by MMS exposure. It should be noted that the array used only contained nine representative genes of the BER pathway. However, whole-genome microarray studies with human lymphoblastoid TK6 cells also indicated that MMS is a poor inducer of gene expression. Only few genes were altered in expression after exposure of TK6 cells to high MMS concentrations (0.2 and 1.3 mM) for 4 h and analysis directly after treatment and after 20 h recovery. The high concentration enhanced the expression of four genes associated with DNA damage and repair (DDB2, PCNA, BTG2, TOP2A) at the later time point (19) . In another study, MMS (80 µM) had no effect on gene expression in TK6 cells after 4 h but clearly affected gene expression after 24 h but DNA repair genes were not particularly analysed (20) . The results of our present study suggest that exposure to MMS does not induce DNA repair genes beyond the effects of PHA stimulation but DNA repair activity (as measured by the comet assay) is sufficient to remove the majority of MMS-induced DNA lesions before lymphocytes start to replicate.
In contrast to MMS, BPDE induced several repair genes in human lymphocytes in our experiments. However, with the exception of XPA and XPC, these genes were not part of the NER pathway that is mainly responsible for the removal of BPDE-induced bulky adducts. However, it should be considered that the array only contains 15 NER genes and it cannot be excluded that genes were altered in expression that are not represented by the array. Our findings support published results with other human cells that reported a weak effect of BPDE on DNA repair genes and did not identify alterations in expression of specific NER genes. BPDE (0.01-1.0 µM) induced alterations in gene expression profiles in TK6 cells measured by a human 350 gene array after incubation for 4 h and after post-incubation for 20 h. GADD45A was the only gene associated with DNA damage and repair that was up-regulated 4 h after exposure of TK6 cells to 1.0 µM BPDE (21) . GADD45B was up-regulated at 4 and 24 h in human bronchial epithelial cells exposed to BPDE (1.0 µM) for 4 and 24 h (22) . No DNA repair genes were altered in expression on a genome-wide array after treatment of HCT116 human colon carcinoma cells with 0.1-1.0 µM BPDE for up to 24 h (23). Human amnion epithelial cells were analysed with a whole-genome microarray after exposure to BPDE (0.5 µM for 4 h). RAD23B was the only DNA repair gene altered in expression. However, it was not enhanced but down-regulated (24) . XPC was the only NER-specific gene that was induced by BPDE treatment of human mammary epithelial cells (25) . Interestingly, among the genes that were reported to be inducible by benzo[a]pyrene or BPDE in a recent review (13) , XPC was the only gene that was enhanced in expression in our experiments with lymphocytes. Altogether, these results suggest that exposure to BPDE leads to enhanced expression of various repair genes but only induces few NER genes that are specifically involved in the removal of the BPDE-induced DNA lesions. This also applies to cultured human lymphocytes during the first 18 h after PHA stimulation.
In summary, our comet assay results indicated that lymphocytes repair mutagen-induced excisable DNA damage in the course of cultivation before they enter S-phase. The highest repair activity occurred in damaged cells immediately after exposure of lymphocytes at the start of the culture. Array expression analysis revealed that PHA stimulation of lymphocytes enhanced the expression of several DNA repair genes but these changes in gene expression are not associated with enhanced DNA repair activity in lymphocytes before replication. The effect of mutagens (MMS and BPDE) on gene expression in lymphocytes was comparatively small and did not affect DNA repair activity as measured by the comet assay. Our findings should be confirmed by studies with additional mutagens and arrays containing all genes involved in the DNA repair pathways of interest.
